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induces translocation of DRP1 from cytoplasm to mitochondria.

development of diabetic mitochondrial dysfunction.

\_

(Bacl(ground: DRP1 plays a significant role to control mitochondrial fission.
Results: DRP1 is O-GIcNAcylated. Increased O-GlcNAcylation augments the level of the GTP-bound active form of DRP1 and

Conclusion: O-GlcNAcylation modulates DRP1 function, which has consequences for mitochondrial function.
Significance: The modulation of DRP1 function by increased overall O-GlcNAcylation could play a significant role in the
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O-linked-N-acetyl-glucosamine glycosylation (O-GlcNAcyla-

tion) of the serine and threonine residues of cellular proteins

is a dynamic process and affects phosphorylation. Prolonged
O-GIcNAcylation has been linked to diabetes-related compli-
cations, including mitochondrial dysfunction. Mitochondria
are dynamically remodeling organelles, that constantly fuse
(fusion) and divide (fission). An imbalance of this process affects
mitochondrial function. In this study, we found that dynamin-
related protein 1 (DRP1) is O-GlcNAcylated in cardiomyocytes
at threonine 585 and 586. O-GlcNAcylation was significantly
enhanced by the chemical inhibition of N-acetyl-glucosamini-
dase. Increased O-GlcNAcylation decreases the phosphoryla-

tion of DRP1 at serine 637, which is known to regulate DRP1
function. In fact, increased O-GIlcNAcylation augments the level
of the GTP-bound active form of DRP1 and induces transloca-
tion of DRP1 from the cytoplasm to mitochondria. Mitochon-

drial fragmentation and decreased mitochondrial membrane

potential also accompany the increased O-GlcNAcylation. In
conclusion, this report shows, for the first time, that O-

GlcNAcylation modulates DRP1 functionality in cardiac muscle

cells.

Recent studies have identified that mitochondria fuse and
divide dynamically and that such dynamic remodeling is critical
to maintain proper mitochondrial function (1, 2). Although
several dynamin-related GTPases regulate these processes,
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dynamin-related protein 1 (DRP1)? plays a significant role to
control mitochondrial fission (3). Although involved in mito-
chondrial function, DRP1 is mostly localized in cytoplasm with
~3% associated with the mitochondrial membrane at rest
under physiological conditions (4). The functional properties of
DRP1 are modulated by a number of posttranslational modifi-
cations, including phosphorylation (5-7), SUMOylation (8),
ubiquitination (9), and S-nitrosylation (10). DRP1 is phosphor-
ylated at two sites, serine 616 (Ser-616 and 637 Ser-637,
referring to the sequence of the human DRP1), which are well
conserved (5, 11, 12). Phosphorylation of Ser-616 by cyclin-de-
pendent kinase 1 and dephosphorylation of Ser-637 by cal-
cineurin promote mitochondrial fission. The impact of Ser-637
phosphorylation on mitochondrial function has been a focus of
most prior investigations. Cereghetti e al. (7) have shown that
calcineurin, a Ca-dependent protein phosphatase, dephosphor-
ylates Ser-637, resulting in the translocation of DRP1 from
cytoplasm to mitochondria. The mitochondrial outer mem-
brane proteins FIS1 and mitochondrial fission factor recruit
DRP1 to the mitochondrial outer membrane (13-15).
O-linked N-acetyl-glucosamine glycosylation (O-GlcNAcyla-
tion) posttranslationally modifies nuclear, cytosolic, and mito-
chondrial proteins occurring on serine and threonine residues
(16 -18). O-GlcNAcylation and phosphorylation sites overlap,
so these two reactions have reciprocal effects on protein func-
tion (19). In mammalian cells, protein O-GlcNAcylation is
regulated by the opposing actions of two enzymes: the O-GlcNAc-
transferase, which catalyzes the addition of O-linked N-acetyl-
glucosamine (O-GlcNAc) and the N-acetyl-glucosaminidase
(OGA), which removes O-GlcNAc residues. A shorter splice
variant of O-GlcNAc-transferase has been identified that
exhibits preferred mitochondrial localization (20). In diabetes,

2The abbreviations used are: DRP1, dynamin-related protein 1; OGA,
N-acetyl-glucosaminidase; PUGNACc, O-(2-Acetamido-2-deoxy-D-glucopy-
ranosylidenamino) N-phenylcarbamate; a.u., arbitrary units; O-GIcNAc,
O-linked-N-acetyl-glucosamine glycosylation; NCM, neonatal rat car-
diomyocyte; HG, high glucose; NG, normal glucose.
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increased O-GlcNAcylation of a set of cytoplasmatic and
nuclear proteins has been shown, which is likely due to the
activation of the hexosamine biosynthetic pathway (18, 21-23).
Consistent with these observations, we found that several mito-
chondrial proteins are highly O-GIcNAcylated in cardiomyo-
cytes exposed to high glucose (18, 24). High glucose treatment
also resulted in augmented mitochondrial fragmentation and
decreased mitochondrial membrane potential (24). In our pre-
vious work we demonstrated that the reduced expression of a
fusion-related mitochondrial protein OPA1 and its increased
O-GlcNAcylation are at least partly the cause of mitochondrial
fragmentation in cardiac myocytes exposed to high glucose
(24). As fission counteracts fusion to control the level of mito-
chondrial fragmentation, this study investigated whether
O-GlcNAcylation occurs in the fission-related protein DRP1
and if increased O-GlcNAcylation affects the functionality of
DRP1. Our results show that DRP1 is O-GlcNAcylated in neo-
natal cardiomyocytes and that the O-GlcNAcylation of DRP1 is
increased by OGA inhibition. In addition, excessive overall
O-GlcNAcylation decreases phosphorylation of DRP1 at Ser-
637, increases its GTP-binding, and translocates DRP1 to
mitochondria. Furthermore, we found that increased protein
O-GlcNAcylation by OGA inhibition augments mitochondrial
fragmentation and impairs mitochondrial function in
cardiomyocytes.

EXPERIMENTAL PROCEDURES

Materials—Low-glucose DMEM, M199, MitoTracker Green
FM, and JC-1 were purchased from Invitrogen. The following
antibodies were used: DRP1 (BD Biosciences), porin (Cell Sig-
naling Technology), FIS1 (Invitrogen), phospho-Ser-637-DRP1
(Cell Signaling Technology), RL2 anti-O-GlcNAc antibody
(Thermo Scientific), anti-rabbit Alexa Flour 488 and anti-
mouse Alexa Flour 568 (Invitrogen), and anti-mouse and
anti-rabbit IgG-HRP-conjugated antibodies (Thermo Scien-
tific). Wheat germ agglutinin (WGA)-conjugated beads were
purchased from Vector Laboratories. The OGA inhibitor
PUGNACc was purchased from Toronto Research Chemicals.

Type 2 Diabetic Mouse Model—All animal protocols were
approved by the University of California, San Diego, Institu-
tional Animal Care and Use Committee and conform to the
Guide for the Care and Use of Laboratory Animals as outlined
by the NIH. Eight-week old C57BL/6 mice were injected once
intraperitoneally with streptozotocin (STZ) (75 mg/kg) and
placed on high fat diet (HFD; Harlan, 60% fat) for 4 months.
C57BL/6 mice on normal chow were used as controls.

Adenoviral Vector—The cDNA corresponding to the human
OGA was kindly provided by G. Hart (25). This cDNA was
inserted into the E1 region of an adenoviral shuttle vector. Rep-
lication deficient adenovirus particles with OGA (Adv-OGA)
or without (Adv-control) were generated by recombination in
293 cells, single plaques were isolated, and propagated to
achieve high titer. Adenoviral particles were CsCl-purified and
quantified by plaque titer assay.

Cell Culture and Treatment—Primary cultures of neonatal
rat cardiomyocytes (NCMs) were prepared as described previ-
ously (18). Cells were plated onto gelatin-coated culture dishes.
Plating medium consisted of 4.25:1 L-DMEM: M199, 10% horse
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serum, 5% fetal bovine serum, 1% penicillin/streptomycin/fun-
gizone. Cells were allowed to adhere to the plates for 24-h before
changing to basic experimental culture medium (4.5:1
L-DMEM: M199, 2% fetal bovine serum, 1% penicillin/strepto-
mycin/fungizone). For high glucose treatment (HG), 20 mm
glucose was added to the media (the final glucose concentration
was 25 mM). In a control group of cells, equimolar mannitol was
added to exclude the potential effect of changes in osmolarity
(normal glucose [NG]: glucose concentration, 5 mM). NCMs
exposed to high glucose were also treated with Adv-OGA or
Adv-control. NCMs were infected at a multiplicity of infection
of 50 pfu/cell for 24 h. Then, NCMs were washed and treated
with NG (5 mm) or HG (25 mM) for 72 h The culture medium
was changed daily until the cells were harvested. For OGA inhi-
bition, cells were treated with 100 um PUGNACc or 100 nm Thia-
met G or the vehicle ethanol, as control, overnight.

Subcellular Fractions—After treatment, cells were collected
using the lysis buffer (10 mm Tris pH 7.4, 0.25 M mM sucrose, 3
mM MgCl,, 1 mm B-glycerolphosphate, 2.5 mM Na-pyrophos-
phate, Na;-VO,, 10% glycerol, 0.025 mm PUGNAc, 1:1000
diluted protease and phosphase inhibitor mixture). Lysates
were centrifuged at 1000 X g for 10 min at 4 °C. The superna-
tant was spun at 10,000 X g for 10 min at 4 °C, yielding a mito-
chondria-enriched pellet. The supernatant was spun at
100,000 X g for 60 min at 4 °C to yield cytosol. Equal protein
amounts from each fraction were analyzed by Western blotting.

Immunohistochemistry—Cells were grown on glass cover-
slips. After treatment, cells were washed once with PBS and
fixed with ice cold ethanol (100% v/v) for 15 min at room tem-
perature. To suppress unspecific labeling the cells were incu-
bated with blocking solution (1% BSA, 1% chicken serum, 1%
goat serum, and 0.1% Triton X-100 in PBS) for 1 h at room
temperature. Mouse anti-DRP1 (1:300) and rabbit anti-FIS1
(1:300) antibodies in 1% BSA solution (in PBS, pH 7.4) were
added for 1 h at room temperature. After three washes with PBS
the secondary antibodies conjugated with Alexa Flour 488 or
Alexa Flour 568 (1:300) were added for 1 h at room tempera-
ture. After three washes with PBS, coverslips were mounted
using mounting medium (Vector Lab. Inc.).

GTP-binding Assay—The GTP-binding assay was performed
according to the previously described procedure, with some
modifications (26, 27). Briefly, after treatment NCMs were
rinsed in ice-cold PBS and collected in GTP-binding buffer (20
mM Tris-HCI pH 7.5, 5 mm MgCl,, 2 mm PMSF, 150 mMm NaCl,
0.1% Triton X-100, 0.025 mm PUGNACc and 1:1000 diluted pro-
tease and phosphase inhibitor mixture (Thermo Scientific)).
Samples were sonicated for 15 s and centrifuged at 1,500 X g for
15 min at 4 °C, and the supernatant was collected. The protein
concentration of each supernatant was determined by the
Bradford assay. 200 ug protein were pre-cleared using the con-
trol agarose resin and then incubated with 100 ul of GTP-aga-
rose beads (Sigma-Aldrich; equilibrated in GTP-binding
buffer) in a total of 500 ul of GTP-binding buffer for 30 min at
4 °C. The beads were centrifuged at 10,000 X g for 2 min and the
supernatant was retained. Then, the beads were washed three
times with 1 ml of GTP-binding buffer and the retained super-
natant was incubated with the beads for another 30 min. The
beads were washed again as described above and then incu-
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bated with the retained supernatant overnight at 4 °C. After
washing seven times with GTP-binding buffer, bound protein
was eluted from the beads by boiling them in 50 ul of 2x reduc-
ing SDS-PAGE buffer. DRP1 that was pulled-down by the GTP-
agarose beads was quantified by Western blotting.

Detection of Glycosylated DRP1 with Wheat Germ Aggluti-
nin-conjugated Beads—W GA-conjugated beads were used to
precipitate the O-GlcNAcylated DRP1 as described previously
(28). Hearts of control or diabetic mice were homogenized in
lysis buffer (10 mm Tris (pH 7.4), 0.25 M mM sucrose, 3 mm
MgCl,, 1 mMm B-glycerolphosphate, 2.5 mm Na-pyrophosphate,
Na;-VO,, 10% glycerol, 0.025 mm PUGNAc, 1:1000 diluted
protease and phosphase inhibitor mixture) using a Polytron
homogenizer and centrifuged at 1500 X g for 15 min at 4 °C.
Lysates were precleared using control agarose and incubated
with WGA beads overnight. 200 ug of heart protein lysate in
200 pl of lysis buffer, as described above, were used in each
reaction. After incubation, WGA-conjugated beads were cen-
trifuged at 2300 X g for 5 min and resuspended with 2X SDS-
PAGE buffer and analyzed by Western blot analysis.

Immunoprecipitation—Immunoprecipitation was performed
using the Pierce Crosslink immunoprecipitation kit (Thermo
Scientific) according to the instructions of the manufacturer.
Briefly, 500 g of total protein per immunoprecipitation reac-
tion were used. To reduce nonspecific binding, the protein
lysate was precleared using the control agarose resin. 10 ug of
antibody was incubated with the A/G-plus agarose for 1 h at
room temperature. After three washes, the precleared protein
lysate was incubated with the A/G-plus agarose coupled with
the antibody overnight at 4 °C. After four washes, the bound
protein was eluated. The eluate was resolved by SDS-PAGE,
and the gel was used for Western blotting.

Western Blotting—After treatment, cells were harvested
using lysis buffer (20 mwm Tris (pH 7.4), 20 mMm NaCl, 0.1 mm
EDTA, 0.025 mm PUGNAc, 1% Triton X-100, 1:1000 diluted
protease, and phosphase inhibitor mixture). Samples were
loaded on NuPAGE 4-12% Bis-Tris gels (Invitrogen). Sepa-
rated proteins were transferred to PVDF membranes. The
membranes were blocked in 5% nonfat milk. The membranes
were immunoblotted with the following antibodies: anti-DRP1
(1:1000), anti-phosphorylated DRP1 (pDRP1, 1:1000), anti-
porin (1:2000), and anti-O-GlcNAc [RL2] (1:1000). Anti-mouse
(1:1000) and anti-rabbit (1:2000) HRP conjugates were used as
secondary antibodies.

Identification of O-GIlcNAc Sites by ETD MS/MS Analysis—
Immunoprecipitated DRP1 from neonatal cardiomyocytes was
used for the detection of O-GlcNAc sites. The detection and
localization of serine and threonine residues modified with
O-GlcNAc moiety was done on the basis of electron transfer
dissociation (ETD) mass spectrometry technology, which frag-
ments peptides by transferring an electron from a radical anion
to a protonated peptide, resulting in peptide backbone frag-
mentation (29). ETD preserves modifications that are labile by
traditional collision-induced dissociation, such as phosphory-
lation and glycosylation. Thus, sequence information on the
peptide can be obtained.

The protein digests were pressure-loaded onto a 250-um
inside diameter (i.d.) fused silica capillary (Polymicro Technol-
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ogies) column with a Kasil frit packed with 3 cm of 5-um Par-
tisphere-strong cation exchange resin (Whatman) and 3 cm of
5-um C18 resin (Phenomenex). After desalting, this biphasic
column was connected to a 100-um i.d. fused silica capillary
(Polymicro Technologies) analytical column with a 5-um
pulled tip, packed with 10 cm of 3-um C18 resin (Phenome-
nex). The multidimensional protein identification technology
(MudPIT) column was placed in line with an 1100 quaternary
HPLC pump (Agilent Technologies), and the eluted peptides
were electrosprayed directly into an LTQ Orbitrap XL mass
spectrometer (Thermo Scientific). The buffer solutions used
were 5% acetonitrile/0.1% formic acid (buffer A), 80% acetoni-
trile/0.1% formic acid (buffer B), and 500 mM ammonium ace-
tate/5% acetonitrile/0.1% formic acid (buffer C). An 11-step
MudPIT was run with salt pulses of 0%, 10%, 20%, 30%, 40%,
50%, 60%, 70%, and 100% buffer C; 90% buffer C/10% buffer B;
and 80% buffer C/20% buffer B. The 120-min elution gradient
had the following profile: 15% buffer B at 12.5 min, to 45%
buffer B at 90 min, to 75% buffer B at 100 min, to 100% buffer B
from 101-110 min. A cycle consisted of one full scan mass
spectrum (300-1200 m/z) followed by eight data-dependent
ETD MS/MS spectra with an isolation width of 3 m/z. Fluoran-
thene anions were set to a target value of 3e5, and ETD reaction
time was set at 100 ms. Supplemental activation was enabled.
Dynamic exclusion and early expiration were enabled. Applica-
tion of mass spectrometer scan functions and HPLC solvent
gradients were controlled by the Xcalibur data system (Thermo
Scientific). ETD MS/MS spectra were extracted using Raw-
Xtract (version 1.9.9) (30). ETD MS/MS spectra were searched
with the ProLuCID algorithm (31) against a rat UniProt data-
base concatenated to a decoy database in which the sequence
for each entry in the original database was reversed (32).
Charged reduced precursors were removed from the spectra
prior to searching. The ProLuCID search was performed using
no enzyme specificity. Differential modifications considered
were serine or threonine O-GlcNAcylation (203.0794). ProLu-
CID search results were assembled and filtered using the
DTASelect (version 2.0) algorithm (33) with a false positive rate
below 1%.

Mitochondrial Membrane Potential Measurement—The
mitochondrial membrane potential was measured by JC-1, as
described previously (24). NCMs were loaded with 0.5 mm JC-1
at 37 °C for 15 min and washed three times with media. The
cells were visualized under a Nikon Diaphot epifluorescence
microscope equipped with a X40 fluor objective interfaced to a
Photon Technologies, Inc. dual emission system, with the exci-
tation wavelength set to 485 nm via a monocromator. Fluores-
cence emission was split and directed to two photomultiplier
tubes through 20-nm band-pass filters centered at 531 and 584
nm, respectively. In addition, an aperture mechanism allowed
fluorescence to be collected from a selected area, which was
always positioned over the cytoplasmic region of individual
cells. Data were shown as a ratio (F5g,/F55,). Loss of mitochon-
drial membrane potential is indicated by a decrease in the red
(Fsg4)/green (F55;) fluorescence intensity ratio.

Mitochondrial Fragmentation—After treatment, mitochon-
drial morphology was observed. Cells were stained with 107 m
MitoTracker Green FM for 30 min to visualize mitochondrial
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FIGURE 1. DRP1 is modified by O-GlcNAcylation. NCMs were treated with 100 um PUGNAC (P) or 100 nm Thiamet G or with an equal volume of ethanol (the
solvent used for PUGNAc and Thiamet G) as control for 24 h. A and C, whole cell lysates from NCMs treated with PUGNAc (A) or Thiamet G (C) were separated
and analyzed by Western blot analysis (WB). The membrane was probed with anti-O-GIcNAc antibody (RL2). Band D, O-GIcNAcylated proteins were immuno-
precipitated (/P) from whole cell lysates with RL2. The membrane was immunoblotted with anti-DRP1 antibody. Input represents DRP1 in NCM whole lysate
used forimmunoprecipitation. £, NCMs were infected by Adv-control or Adv-OGA (OGA) for 24 h. Cells were washed and treated with NG (5 mm) or HG (25 mm)
for 72 h. O-GIcNAcylated proteins were immunoprecipitated from whole cell lysates with RL2. The membrane was immunoblotted with anti-DRP1 antibody.
Graphs show densitometry values of protein O-GIcNAcylation. Signals were normalized with porin orinput, as indicated.n = 3;*, p < 0.05 versus control; **,p <
0.01 versus control. Data are expressed as means * S.E. C = control. p, PUGNACc, T = Thiamet G.

morphology and then washed three times with media. Images  cell lysates using the O-GIcNAc (RL2) antibody determined
were captured with a DeltaVision deconvolution microscope  thattreatment of NCMs with the OGA inhibitors PUGNAc and
system (Applied Precision) located at the University of Califor- ~ Thiamet G results in increased O-GlcNAc modification of pro-
nia, San Diego Cancer Center microscope facility. Usinga X60  teins (Fig. 1). To determine DRP1-specific O-GlcNAcylation,
(numerical aperture 1.4) lens, images of ~50 serial optical sec-  we used an approach that was used recently with inositol
tions, spaced by 0.2 um, were acquired. The data sets were  triphosphate receptor 3 (34). O-GlcNAc proteins were immu-
deconvolved using SoftWorx software (Applied Precision) on a noprecipitated from whole cell lysate using an anti-O-GlcNAc
Silicon Graphics Octane work station. Because cardiomyocytes antibody RL2, followed by SDS-PAGE and Western blotting
have two different types of mitochondrial structure (center, \vith anti-DRP1. As shown in Fig. 1B, there is a basal O-
round; pseudopod area, tubular) and we observed morpholog-  j.N Acylation of DRP1. Inhibition of OGA by PUGNAc
ical change only in the pseudopod area, we eliminated the cen- o104 in increased O-GleNAc modification. As shown in Fig.
ter area and analyzed only the pseudopod area where the thick- 1D, Thiamet G treatment also resulted in increased O-GIlcNAc
ness .15 less t.han 0.6 um. The morphological chang.es ar€  modification of DRPI. High-glucose treatment resulted in a
descrlbze d using the parameter of roundness ((perimeter more intense O-GlcNAc DRP1 Western blot band. However,
1eMng‘til.1) é( 4b * 7; XIare)a)) using ImagePro-PLUS software because high glucose also induces increased DRP1 expression,
Se 1a -ybernetics, c.. . . the ratio of the immunoprecipitation band to the input band is
tatistics—Results of the experimental studies are reported S )

as mean * S.E. Differences were analyzed by Student’s ¢ test or not 51gn’1f1ca’ntly different fron? the‘ control, )

one-way analysis of variance followed by Newman-Keuls mul- Localization of O-GlcNAc sites in DRPIfAnalys1s of DRP1

tiple comparison post-test using GraphPad Prism version 5.02 by ETD MS/MS demonstrated that the res1du(?s Thr-585 and

for Windows (GraphPad Software). p < 0.05 was regarded as Thr-586 are O-GlcNAcylated (Fig. 24). DRP1 is composed of

statistically significant. GTP-binding (Fig. 2B, middle, insert B) and GTPase effector
domains. The two identified O-GlcNAc-modified residues are

RESULTS located in the insert B domain (Fig. 2B).

DRPI Is O-GlcNAcylated in Rat Neonatal Cardiac Myo- Increase of O-GlcNAcylation Decreases Phosphorylation of
cytes—We used the well known OGA inhibitor PUGNAc to DRPI at Ser-637—DRP1 is regulated by phosphorylation at
increase overall O-GIcNAc levels in cell culture. The novel specific Ser residues. As it is known that phosphorylation and
OGA inhibitor Thiamet G was also used in some experiments ~ O-GlcNAcylation both modify Ser residues and that these two
to rule out off target effects. Western blot analysis with whole reactions are competitive, we determined whether increased
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FIGURE 2. O-GlIcNACc site mapping on DRP1. A, ETD MS/MS spectrum of [M+4H] +4 ion. B, schematic diagram showing the identified O-GIcNAc sites Thr-585

and Thr-586 within the B domain of DRP1.

O-GlcNAcylation has an impact on DRP1 phosphorylation. In
cells treated with PUGNACc or Thiamet G, there was a signifi-
cant decrease of Ser-637 phosphorylation as determined by
Western blotting (control, 1.1 * 0.06 a.u; PUGNAc, 0.8 =
0.05 a.u; p < 0.001 and control, 0.97 = 0.04 a.u.; Thiamet G,
0.4 = 0.05 au; p < 0.001) (Fig. 3, A and B). Increased
O-GlcNAcylation had no effect on the expression of DRP1
(Fig. 3, A and B). Because our previous studies showed that high
glucose treatment, which increases O-GlcNAcylation,
increases mitochondrial fragmentation (24), NCMs were
treated with high glucose for 72 h to investigate the impact of
high glucose on phosphorylation of DRP1. To parse the effects
of high glucose treatment from the effects of increased
O-GlcNAcylation, high glucose-treated cells were also infected
with Adv-OGA to overexpress OGA and decrease high glu-
cose-induced enhanced O-GlcNAcylation in these cells. In our
previous work, we have shown that high glucose treatment
increases the overall O-GlcNAcylation of proteins and that
infection with Adv-OGA results in overexpression of OGA
and subsequently diminishes the high glucose-induced
O-GlcNAcylation. As shown in Fig. 3C, high glucose increases
the expression of DRP1. However, OGA overexpression does
not return the high glucose-induced increase of DRP1, indicat-
ing that this increase is O-GlcNAcylation-independent (NG,
0.62 = 0.06 a.u; HG, 0.99 = 0.07 a.u; HG+OGA, 0.88 =
0.08 a.u; p < 0.05 versus NG). In addition, high glucose
decreases the phosphorylation of Ser-637 in DRP1. However,
OGA overexpression improves this reduction only slightly and
not significantly (NG, 1.09 * 0.09 a.u; HG, 0.53 = 0.09 a.u;
HG+0OGA, 0.77 = 0.12 a.u; p < 0.05 versus NG). Neither the
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OGA inhibitors nor high glucose had an impact on the Ser-616
phosphorylation.

O-GlcNAcylation Affects the GTP-binding Properties of
DRPI—GTP binding induces conformational changes of
DRP1, which in turn are functionally critical for DRP1-induced
mitochondrial fission (35). To investigate if O-GlcNAcylation
affects the GTP-binding properties of DRP1, NCMs were
treated with PUGNAc or Thiamet G or high glucose with or
without Adv-OGA. The cell lysates were subjected to a pull-
down assay using GTP beads. As shown in Fig. 4, inhibition of
OGA by PUGNACc or Thiamet G resulted in increased DRP1
GTP-binding activity (control, 0.51 * 0.07; PUGNACc, 1.03 *
0.09; p < 0.01 and control, 0.74 = 0.03; Thiamet G, 1.07 = 0.1;
p < 0.05). High glucose treatment also resulted in increased
GTP-binding, which was normalized by the overexpression of
OGA (NG, 0.43 = 0.04; HG, 0.58 = 0.03; HG+OGA, 0.40 =
0.06; p < 0.05) (Fig. 4B). These results show clearly that
O-GlcNAcylation modifies the GTP-binding affinity of DRP1.

O-GlcNAcylation Influences the Distribution of DRP1—The
majority of DRP1 proteins are localized in the cytoplasm. How-
ever, dephosphorylation induces the translocation of DRP1
from cytoplasm to mitochondria (7). Accordingly, we analyzed
if O-GlcNAcylation also affects distribution of DRP1. FIS1 is a
mitochondrial outer membrane protein that tethers DRP1 to
mitochondria (15, 36). Using a FIS1 antibody to identify mito-
chondria, we have shown that the majority of DRPI in
untreated cells is localized in the cytoplasm (Fig. 5). For both
PUGNACc and high glucose treatment, we performed a Western
blot analysis to determine the DRP1 distribution. Fig. 5 shows
that increasing O-GlcNAcylation by PUGNAc or high glucose
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FIGURE 3. O-GlcNAcylation decreases phosphorylation of p(637)DRP1. A and B, NCMs were exposed to PUGNACc (100 um) or Thiamet G (100 nm) or control
(solvent only) for 24 h. DRP1 and phospho-DRP1 levels were determined by Western blot analysis. Representative Western blot analyses are shown. Protein
loading was normalized using an anti-porin antibody. Densitometric analysis for normalized DRP1 expression and phosphorylation levels are shown.n = 3-5;
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treatment results in translocation of DRP1 from cytoplasm to
mitochondria. OGA overexpression restores the high glucose-
induced translocation.

PUGNACc Treatment Increases Mitochondrial Fragmentation
and Decreases Mitochondrial Membrane Potential—In our
previous work we showed that high glucose treatment increases
mitochondrial fragmentation and decreases mitochondrial
membrane potential and that OGA overexpression returned
the values close to the level of control (24). In this study, we
analyzed the impact of the OGA inhibitor PUGNACc on these
mitochondrial changes. As shown in Fig. 6, A and B, PUGNAc
significantly increases mitochondrial fragmentation (mean
roundness, control 5.10 = 0.25; PUGNAc 4.34 = 0.141; p <
0.01). PUGNACc also induces significant mitochondrial depolar-
ization (membrane potential, control 2.97 * 0.16; PUGNAc
1.82 + 0.14; p < 0.001) (Fig. 6C), confirming the suggestion that
excessive O-GlcNAcylation decreases mitochondrial mem-
brane potential and increases mitochondrial fragmentation.

Cardiac DRP1 Is Significantly More O-GlcNAcylated in Type
2 Diabetic Mice—WGA binds to GIcNAc residues, and WGA-
conjugated agarose beads bind to O-GlcNAc-modified proteins
with high affinity. We used WGA-conjugated agarose beads to
determine whether DRP1 from type 2 diabetic mice is more
glycosylated compared with control mice. As shown in Fig. 7,
DRP1 is significantly more glycosylated in diabetic hearts (con-
trol, 0.42 = 0.01 a.u; 0.84 = 0.1 a.u; p < 0.05). In addition,
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O-GlcNAc cardiac proteins were immunoprecipitated from
whole heart lysate using the anti-O-GlcNAc antibody RL2 fol-
lowed by SDS-PAGE and Western blotting with anti-DRP1.
DRP1 from type 2 diabetic mice appeared to be more
O-GlcNAcylated (control, 0.74 * 0.03 a.u; 1.15 £ 0.9 a.u; p <
0.05). Because the antibody for phospho-637-DRP1 does not
bind the mouse DRP1 and there are no alternative antibodies
available, we were not able to determine the phosphorylation of
this site. There was no difference between diabetes and control
regarding the phosphorylation of Ser-616 of DRP1.

DISCUSSION

In this study we show that DRP1 is modified by O-
GlcNAcylation in cardiomyocyctes and that DRP1 phosphory-
lation, which regulates DRP1-dependent mitochondrial fission,
is affected by the level of O-GlcNAcylation. We treated car-
diomyocytes with PUGNAc or Thiamet G, which inhibit OGA.
OGA removes O-GlcNAcylation from serine and threonine
residues, so inhibition of OGA results in increased O-GIcNA-
cylation, as shown in Fig. 1, A and C. To analyze if DRP1 is
modified by O-GlcNAcylation, we immunoprecipitated NCMs
lysates with the antibody anti-O-GlcNAc, and performed a
Western blot analysis for DRP1. As shown in Fig. 1, Band D, we
found a basal O-GIcNAcylation in cardiac DRP1 and inhibition
of OGA increased the DRP1 modification. There are also other
possible strategies for increasing or preventing O-GIcNA-
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cylation. In further studies, the impact on DRP1 function of
increasing O-GlcNAc modification by N-acetylglucosamine
treatment combined with OGT RNA silencing should be also
investigated.

Others reported several post-translational modifications of
DRP1, like phosphorylation (5-7), SUMOylation (8), ubiquiti-
nation (9), and S-nitrosylation (10). Here we show for the first
time that O-GlcNAcylation is an additional type of modifica-
tion occurring in DRP1. Because O-GlcNAcylation can affect
the phosphorylation of proteins even if they are located at dif-
ferent domains (19, 37, 38), we analyzed if increasing
O-GlcNAcylation affects the level of the two known phosphor-
ylation sites of DRP1, Ser-616 and Ser-637. In cells treated with
PUGNACc or Thiamet G, we have seen decreased phosphoryla-
tion at Ser-637. The phosphorylation at Ser-616 was not
affected. Because high glucose treatment also results in
increased O-GlcNAcylation, we investigated whether high glu-
cose treatment has a similar effect on phosphorylation of DRP1.
As shown in Fig. 3, high glucose had no effect on Ser-616 but
causes a decrease in Ser-637 phosphorylation. However, OGA
overexpression does not return the value to normal. There is
only a slight, non-significant increase in phosphorylation. Why
OGA does not return the high glucose-induced decrease of Ser-
637 phosphorylation to normal although inhibition of OGA by
PUGNAC decreases the phosphorylation is a matter for specu-
lation. Ser-637 is phosphorylated by cAMP-dependent protein
kinase and several reports described a stimulating impact of
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high glucose on the activity of cAMP-dependent protein
kinase in different cell types (39 —41). In the case of DRP1, the
balance between the influence of high glucose on cAMP-de-
pendent protein kinase activity and the impact of increased
O-GlcNAcylation can be of importance. It is possible that
increased O-GlcNAcylation directly affects the activity of
cAMP-dependent protein kinase and/or calcineurin, which
dephosphorylates DRP1. It is also possible that O-GlcNA-
cylation of Ser-637 or other proximal residues affects the phos-
phorylation of Ser-637. Further studies are needed to investi-
gate this interesting interplay in detail. In addition, high glucose
increases the expression of DRP1 independently of O-GlcNA-
cylation (Fig. 3). Interestingly, in our previous work we have
shown that treatment of NCMs with 35 mm glucose for 24 h
decreases DRP1 levels (24). In this study, we demonstrate that
treatment with 25 mm glucose for 72 h increases DRP1 levels.
These results indicate that DRP1 expression is glucose-sensi-
tive, which should be further investigated in future studies.
Chang and Blackstone (5) reported that phosphorylation of
DRP1 at Ser-637 inhibits DRP1 GTPase activity. Because inhi-
bition of OGA and high glucose treatment resulted in
decreased Ser-637 phosphorylation, we examined if there is an
impact on the GTP-binding affinity of DRP1. Our results show
that both PUGNAc and Thiamet G as well as high glucose
increase DRP1 GTP-binding and that OGA overexpression
returns the high glucose-induced GTP-binding increase to nor-
mal. Considering the PUGNAC results only, it is not possible to
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attribute the increase in the DRP1 GTP-binding affinity to the
enhancement of O-GlcNAcylation alone. Because GTPase
activity is dependent on phosphorylation, a PUGNAc-induced
dephosphorylation should increase the GTP-binding affinity of
DRP1. This would only allow the conclusion that O-GlcNAc-
induced dephosphorylation increases the GTP-binding of
DRP1. However, OGA overexpression had no effect on high
glucose-induced phosphorylation (Fig. 3), but it did return the
high glucose-induced increase of GTP-binding to normal (Fig.
4), indicating that O-GlcNAcylation increases GTP-binding
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affinity independent of phosphorylation. Our results demon-
strate that increasing the overall O-GlcNAcylation affects the
GTP-binding properties of DRP1. To understand the direct
impact of O-GIlcNAcylation on DRP1 GTPase activity in detail,
amore comprehensive GTPase activity study is required. DRP1
harbors four distinct domains: GTP-binding, middle, insert B,
and GTPase effector (42). Using ETD MS/MS we were able to
detect the O-GlcNAc sites Thr-585 and Thr-586, located at the
insert B domain of DRP1. The insert B domain contains several
different posttranslational modifications that modulate DRP1
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function, including phosphorylation and SUMOylation.
O-GlcNAcylation of the two threonine residues within this
domain could have an impact on the oligomerization of DRP1
monomers or the interaction with other proteins. Using ETD
MS/MS we were able to identify the O-GlcNAc sites Thr-585
and Thr-586. However, we cannot rule out the existence of
additional O-GlcNAc sites in DRP1, including Ser-616 and Ser-
637. Further investigation is needed on this matter.

In addition to GTPase activity and protein expression, DRP1
function can also be affected by processes such as mitochon-
drial translocation or protein interactions. DRP1 recruitment
to mitochondria is increased prominently during events such as
programmed cell death (43). The key event in DRP1 regulation
occurs at the mitochondrial recruitment step. Here we show
that increasing overall O-GlcNAcylation in cardiomyocytes
results in recruitment of DRP1 from cytoplasm to mitochon-
dria. FIS1 is a mitochondrial outer membrane protein, which
has been reported to interact with DRP1, resulting in increased
mitochondrial fragmentation (13, 15). Otera et al. (14) have
reported that mitochondrial fission factor is responsible for
DRP1 recruitment to the mitochondrial outer membrane (14).
In this study, we did not investigate the impact of O-GIcNA-
cylation on the interaction of DRP1 with FIS1 or mitochondrial
fission factor. Here we show that increasing O-GlcNAcylation
results in recruitment of DRP1 to the mitochondria by showing
colocalization of DRP1 with FIS1 (Fig. 5) and by Western blot
analysis using mitochondrial and cytosolic fractions.

As shown in Fig. 6, increasing overall O-GlcNAcylation by
PUGNAC treatment results in mitochondrial fragmentation
and decreased mitochondrial membrane potential. In our
previous work we have shown that high glucose-induced
O-GlcNAcylation affects mitochondrial fragmentation and
membrane potential, an effect which was attributed to
increased O-GlcNAcylation of the mitochondrial fusion pro-
tein OPA1 (24). Here we show with DRP1 that another key
player in the mitochondrial fusion/fission process is modified
by O-GlcNAcylation and that increased global modification
modulates its function. Interestingly, increased O-GlcNA-
cylation seems to inhibit OPA1 activity (24). However, in the
case of DRP1, protein activity is enhanced by increased O-
GlcNAcylation.

Taken together, our data demonstrate that DRP1 is O-GIcNA-
cylated and that alteration of the level of global O-GIcNA-
cylation alters DRP1 function. Increasing O-GlcNAcylation
results in enhanced DRP1 GTP-binding ability and recruitment
of DRP1 to mitochondria. The resulting effect on mitochon-
drial function is likely not just an impact of the increased
O-GlcNAcylation of DRP1. Gu et al. (44) already reported
O-GlcNAc modification of several mitochondrial proteins,
including prohibitin and HSP60. Modification of other fusion/
fission proteins could also affect mitochondrial morphology
and function. However, because the overall O-GlcNAc modifi-
cation of cytosolic proteins is much higher than that of mito-
chondrial proteins (18), modulation of DRP1 function (which is
a cytosolic protein) by O-GlcNAcylation is likely to have a key
role in mitochondrial function. It should also be mentioned
that a high glucose-mediated, sustained increase in O-GlcNA-
cylation has been linked to the development of diabetes-related
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cardiovascular complications (45, 46). Mitochondrial dysfunc-
tion in diabetic cardiomyocytes is also well known (47). How-
ever, the underlying mechanisms have not been completely
explained. In our previous study we showed increased
O-GlcNAcylation of mitochondrial proteins in cultured car-
diomyocytes exposed to high glucose (18). In this report we
show increased O-GIcNAcylation of cardiac DRP1 in type 2
diabetic mice (Fig. 7). Furthermore, our in vitro results demon-
strate that increased overall O-GlcNAcylation affects DRP1
functionality, resulting in impaired mitochondrial function.
Altogether, these results imply that the impact of excessive
overall O-GlcNAcylation on DRP1 function could play a signif-
icant role in the development of diabetic mitochondrial
dysfunction.
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